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The world’s population is growing and an increasing populace requires more
resources. These requirements place increasing pressure on the environment and the soil.
Soils serve many important functions throughout the world. These functions range from
offering a media for food production, providing a sink for organic carbon, nutrient
cycling, and improving water quality. It is important to focus on the human impact on
soils and their change over time.
For my research I examined how soils across Nebraska have changed over a time
period of roughly 65 years. I sampled and analyzed 39 pedons from four Major Land
Resource Areas (MLRAs) across the state of Nebraska. These sites were selected because
they each represent a distinctive combination of climate, geology, and land use within
Nebraska. At the time of original sampling (1951- 1961), nearly all the sites were under
row-crop production. I created a correlation for estimating soil organic carbon for four
MLRAs using loss-on-ignition organic matter values. Next, I examined how the soils in
MLRAs 67 and 71 have changed over 65 years of continued irrigation and agricultural
production. Lastly, I assessed how the soils MLRAs 106 and 107 have changed after 65
years of non-irrigated agricultural production.
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Chapter 1: Introduction
Soils provide a range of ecological functions. They serve as a media for food
production, a sink for atmospheric carbon, a recycling center for nutrients, and a
purification system for water. However, human land use can change the nature and
properties of soils, leading to an altered capacity of soils to perform essential function.
While the overall amount of cropland in Nebraska has not changed since the 1930s,
individual farm size has grown and become more specialized in a few dominant crops,
leading to less overall species diversity on the landscape (Hiller et al, 2009). Over the
period from 1961 to 2018, both rainfed and irrigated corn production have increased in
Nebraska (Hunt et al, 2020). Such reductions in cropping systems diversity can have
broad-scale ecological impacts, such as increased nitrate leaching during spring and fall
(Hatfield et al., 2009; Jantakut et al., 2019).
Many studies have examined the impact of agriculture and land-use on soil
properties. Veenstra (2010) sampled sites where pedon description had been collected 50
years prior throughout the state of Iowa. The data collected in the study were compared
with those collected 50 years prior in order to characterize the type and degree of soil
change on different hillslope positions. This research found widespread human impacts
resulting from accelerated erosion, tillage, fertilization, and tile drainage. Consequently,
60% of soils described in 1959 changed classification in 2007 (Veenstra and Burras,
2012). Similar changes were detected in an Illinois study, where multiple sites were
sampled and compared to historical samples taken at three different times (early 1900’s,
1957, and 2001) (David et al., 2009). It was found that C and N declined between the
early 1900’s sampling and the 1957 samplings within the upper 50 cm of the soil, while
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simultaneously accumulation in the lower part of the profile. In North Dakota, A horizons
were completely lost from some soils after 50 years of agricultural production, but the A
horizons were regained when the land was enrolled in a Conservation Reserve Program
(Montgomery, 2015). One aspect of soil change that is of particular concern in is soil
organic carbon (SOC) storage. The impact of human land use on SOC over decadal
timescales is a topic of interest from both a soil biogeochemistry soil health perspective.
The role of SOC as a sink in the global carbon cycle and regulator for atmospheric carbon
(CO2) is widely studied (Amundson, 2001; Berhe et al., 2007; Lal, 2004; Van Oost et al.,
2007). Furthermore, many soil health indices use SOC to quantify the condition of
managed soils relative to their natural state (Maharjan et al., 2020; Nunes et al., 2020;
Williams et al., 2020). Thus, there is a need for SOC assessments that can be done a
relatively low cost, in order to allow for continued monitoring of SOC.
Other soil properties that may be influenced by human land use over decadal time
scales include pH, soil inorganic carbon, exchangeable sodium percentage (ESP), and
electrical conductivity (EC). Soils can be acidified through continuous cropping, due to
base cation removal, application of ammonium fertilizers, and decomposition reactions in
the soil (Mamo et al., 2009). As a result, essential nutrients, including phosphorus and
molybdenum, may become less available, reducing crop performance unless carefully
managed. Soil inorganic carbon (SIC), occurring mainly in the form of CaCO3, is another
property with potential for change, particularly in irrigated lands. Owing to is solubility,
additional inputs of water may interact with CaCO3, leading to it dissolution and transport
deeper into the soil. While this property is of less agronomic concern, it is pedologically
interesting. One of the earliest soil classification systems in the U.S. divided soils into
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Pedocals (which accumulate Ca and Mg, mainly as carbonates) and Pedalfers (which
accumulate Fe and Al) (Marbut, 1935). The division between these two classifications
bisects the state of Nebraska. While these terms are no longer used in modern soil
classification, the concept has widely influenced pedologic thinking, particularly with
regards to soil climate and water balance (D’Avello et al, 2019). Irrigation management,
including application rate, irrigation water quality, and soil drainage, influences the EC
and ESP of soils (Ayers and Westcott, 1989). Overall soil salinity, and potential for
osmostic stress in plants, is measured by EC. The relative proportion of sodium salts is
measured by ESP. Sodium is of special concern due to its physical effects on soil,
namely the dispersion of clay particles, physical crusting, and reduced infiltration rates
(Turk et al., 2011). Sodium-affected slick spots are a management concern, particularly in
the Platte River Valley of south central and western Nebraska, where they are often large
enough to be economically damaging to farmers (Lewis and Drew, 1973).
While changes in land-use management have been shown to impact soils, this has
not yet been studied in the agriculturally productive soils of Nebraska over decadal time
scales. It is critical to understand the impact that management decisions have on the
ability of soils to perform essential ecosystem services in the longer term. This study was
conducted to: 1) examine SOM-SOC relationships throughout Nebraska in order to
expand potential applications of routine soil testing data, 2) evaluate 60 years of change
in soil characterization data, including SOC, SIC, pH, EC, and ESP, within irrigated
croplands of central and western Nebraska and rainfed croplands of eastern Nebraska,
and 3) estimate soil lost to erosion over 60 years on the sloping upland soils of eastern
Nebraska. To accomplish these objectives, 39 pedons from across the state of Nebraska
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were sampled and analyzed from sites where full pedon descriptions and characterization
data were previously collected several decades earlier, between 1951 and 1961 (Fig. 1.1).

Figure 1.1. Location of study sites within Nebraska in relation the Major Land Resource
Areas (MLRAs). MRLA 67 - Central High Plains, MLRA 71 - Central Nebraska Loess
Hills, MLRA 106 - Loess Uplands, MLRA 106 - Nebraska and Kansas Loess-Drift Hills,
MLRA 107 - Iowa and Nebraska Deep Loess Hills.

These sites were selected because they each represent a distinctive combination of
climate, geology, and land use within Nebraska. At the time of original sampling (19511961), nearly all the sites were under row-crop production. The sites in the western and
central portions were all under irrigation from the early 1900’s continuing to the present.
In Chapter 2, the predictive relationship between soil organic matter (by loss-on-ignition)
and SOC is analyzed, with the aim of providing simple and cost-effective method for
continued monitoring of SOC change. In Chapter 3, changes in soil characterization data,
including, SOC, SIC, pH, EC, and ESP, over 60 years of irrigated agriculture in central
and western Nebraska are examined. In Chapter 4, the same analyses are applied within
the context of rainfed croplands of eastern Nebraska, with additional analysis of erosion
4

rates assessed through examination of soil profile properties. Finally, Chapter 5 is a brief
general conclusion for all three studies.
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Chapter 2: Predicting soil organic carbon from loss-on-ignition across four regions
of Nebraska
Abstract
Soil samples from four major land resource areas (MLRAs) in Nebraska, USA
were used to create locally informed equations for predicting soil organic carbon (SOC)
from loss-on-ignition (LOI) analysis. These samples included all described horizons to a
depth of 100 to 180 cm. The SOC concentrations ranged from 0.001 to 4.33 %. Linear
relationships were observed between SOC and LOI for each of the MLRAs (R2 = 0.59 to
0.93). These equations were then applied to a set of validation pedons to assess the
accuracy of predictions. Predictions using the locally-trained equations were compared to
predictions made using van Bemmelen factor, which estimates that all soil organic matter
is 58% SOC. The locally-trained equations performed better than the van Bemmelen
factor in the subsoil, but underestimated SOC at the surface. To improve the predictions,
separate regressions were developed for different depth increments (0 – 25 cm and 26+
cm). The relationship between SOC and LOI was weakest in MLRA 67, which may be
related to the presence of minerals derived from volcanic ash, which retain water at
higher temperatures than typically used for drying in the LOI method. We recommend
that updated LOI methods for volcanoclastic soils be explored. The equations evaluated
in this study can be used to generate predictions of SOC that are more accurate than those
provided by the van Bremmelen factor, using the low-cost LOI method of analysis.
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Introduction
Soil organic matter (SOM) refers to all organic materials found in soil that are
part of, or have been part of, living organisms (Chenu et al., 2015). This portion of the
soil provides many benefits including reducing erosion, increasing water holding
capacity, and storing plant-required nutrients (Lal, 2004). Recently, the amount of SOM
has been included in soil health indexes. These indices are used to quantify the condition
of managed soils relative to their natural state (Maharjan et al., 2020; Nunes et al., 2020;
Williams et al., 2020). Additionally, studies of SOM have increasingly focused on its role
as a sink in the global carbon cycle and regulator for atmospheric carbon dioxide (CO2)
(Amundson, 2001; Behre et al., 2007; Lal, 2004; Van Oost et al., 2007). The composition
and quantity of carbon within SOM varies by type of organic matter and stage of
decomposition (Horwarth, 2007). These different compositions make quantifying the
amount of carbon in SOM difficult. Soil organic carbon (SOC) data is needed for carbon
tax credits, carbon sequestration for climate change mitigation, and analysis of carbon
dynamics in relation to land use (Mooney et al., 2004 Morgan et al., 2010).
Measuring SOC is a time-intensive and expensive process. Measurement by wet
chemical oxidation requires the use of heavy metals (Walkley and Black, 1934), while
dry combustion requires an elemental analyzer, making it a costly procedure to perform
on a routine basis (Nelson and Sommers, 2018). Dry combustion quantifies total C by
oxidizing the carbon and measuring the evolved CO2 at 1350o C (Skjemstad and Baldock,
2011). In-order to calculate the SOC from this value, inorganic soil carbon also needs to
be measured.
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Newer methods of quantifying SOC include mid-infrared spectroscopy (Seybold
et al., 2019) and near-infrared spectroscopy (Ge et al., 2014). These methods provide
reliable SOC values but might not be available for all projects. The limitations to these
methods are the expensive equipment involved and specialized maintenance required for
accurate results.
In contrast, analysis of SOM by the standard loss-on-ignition (LOI) method
(Schulte and Hopkins, 1996), is simple and relatively inexpensive to perform. This
method requires less technology, no hazardous chemicals, and is routinely offered as part
of a standard soil test package by commercial labs. The length and temperature of
oxidation best suited to SOM measurement by LOI has long been studied (Nelson and
Sommers, 2018). The most common methods use a furnace at 360 to 450° C for 2 to 16
hours (Combs and Nathan, 1998). This method is recommended as it offers the most
complete oxidation of organic matter, without addition mass loss due to removal of
structural water from soil minerals (Christensen and Malmros, 1982; Howard and
Howard, 1990). Choosing methods that completely oxidize organic matter, without
additional mass loss resulting from other reactions, is critical for accuracy of LOI.
The chemical make-up of SOM has been studied for more than a century. Early
work by van Bemmelen (1890) observed that 58% of SOM was SOC. This value is still
the standard value for converting from SOM to SOC (Minsasny et al., 2020). However,
many studies have discovered that this value is too low for most soils and suggest
creating more regionally-specific correlations (Konen et al., 2002; Pribyl, 2010). When
analyzed individually, five regions of the midwest had SOC-SOM slopes ranging from
0.57 to 1.1, suggesting varied SOM compositions (Konen et al., 2002).

11

The objective of this study was to determine relationships between SOM
(measured by LOI) and SOC (calculated as the difference between total carbon by dry
combustion and inorganic carbon) for four regions of Nebraska. These regions represent
distinct agriculturally-important parts of the state, which have not been previously
characterized in studies of SOC vs. SOM relationships in the Midwest (Konen et al.,
2002). The sites selected have a long history of soil investigation, with full
characterization data available for the sampled pedons. The aim of this work is to
generate predictive equations that can be used by scientists, landowners, and producers to
better estimate SOC using the LOI method.

Materials and Methods
Study sites
Thirty-four (34) study sites were selected from four major land resource areas
(MLRAs) within Nebraska, including MLRA 67 (Central High Plains), MLRA 71
(Central Nebraska Loess Hills), MLRA 106 (Nebraska and Kansas Loess-Drift Hills),
and MLRA 107 (Iowa and Missouri Deep Loess Hills) (Fig. 2.1). These regions were
selected because they each represent a distinctive combination of climate, geology, and
land-use (Table 2.1). Climatically, Nebraska varies greatly from western to eastern
portions of the state. Mean annual precipitation ranges from 365 mm in MLRA 67 to 850
mm in MLRA 106. Calcium carbonate occurs at shallower depths in the soil profile in
western Nebraska compared to the eastern half of the state (Shantz, 1923). Native
vegetation in western Nebraska (MLRAs 67 and 71) includes mid and short grass prairies
(NRCS, 2006; Yost, 1968). Native vegetation in eastern Nebraska (MLRAs 106 and 107)
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consists of mid and tall grass prairies (NRCS, 2006). All study sites are in row-crop
production, with irrigated agriculture in the west (MLRAs 67 and 71) and primarily rain
fed agriculture in the east (MLRAs 106 and 107).

Figure 2.1. Location of study sites within Nebraska. MRLA 67 - Central High Plains,
MLRA 71 - Central Nebraska Loess Hills, MLRA 106 - Nebraska and Kansas Loess-Drift
Hills, MLRA 107 - Iowa and Missouri Deep Loess Hills.

Table 2.1. General information about study sites.
MLRA
67

Number of
Sites
7

Irrigated Sites
7

Average
Slope (%)
2

Soil Orders
Entisols, Inceptisols, and
Mollisols

71

12

12

<1

Mollisols

106

5

0

4

Mollisols

107

9

0

2

Mollisols and Vertisols
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Soils in MLRA 67 are formed from upland residuum (Arikaree sandstone and
Brule siltstone) with some uplands also containing eolian sands and silt as well as
volcanic ash from prehistoric events. More recent alluvium occurs in the lowlands
(NRCS, 2006). Soils sampled in MLRA 67 were Bridget (Torriorthentic Haplustolls),
Keota (Ustic Torriorthents), Mitchell (Ustic Torriorthents), and Tripp (Aridic
Haplustolls) soil series.
The majority of MLRA 71 is dominated by Platte River valley alluvium (NRCS,
2006; Yost, 1962). The soils sampled in this area were Hall (Pachic Argiustolls), Hord
(Cumulic Haplustolls), Leshara (Fluvaquentic Endoaquolls), Silver Creek (Typic
Natraquolls), Wann (Fluvaquentic Haplustolls) and Wood River (Typic Natrustolls) soil
series. Parent materials in MLRA 106 include recent alluvium, loess, and glacial till.
Loess is common on upland summits, soils formed from glacial till are typically on the
backslopes, and alluvium dominates the lowlands (Sautter, 1976). The soils sampled in
this MLRA were Pawnee (Oxyaquic Vertic Argiudolls), Wabash (Cumulic Vertic
Endoaquolls), and Wymore (Aquertic Argiudolls) soil series. Parent materials in MLRA
107 include alluvium and loess (Cowsert et al., 2004). Soil series sampled in MLRA 107
were Luton (Typic Endoaquerts), Marshall (Typic Hapludolls), Monona (Typic
Hapludolls) and Aksarben (Typic Argiudolls).

Sampling
At each sampling site, three cores were collected with an AMS gas-powered
REDI boss sampler. The REDI boss sampler is a hand-operated coring device, designed
to be fitted with a 5-cm cylinder, with extensions that can sample to a depth of 2 m. The
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depth of sampling ranged from 100 to 180 cm. The cores were described and sampled by
morphological horizon (Schoeneberger et al., 2012). Samples from the three cores
collected from each site were composited by horizon prior to lab analysis. The total
number of composite samples across all sites was 254.

Laboratory analysis
Total carbon (TC) was analyzed by dry combustion using a carbon/nitrogen
analyzer (CN828, LECO). Inorganic carbon (IC) was determined the manometer method,
using a Dwyer 475 manometer. In this method, pressure generated by acid digestion of 1
g of soil in a sealed 150 mL bottle is measured. A standard curve is created using samples
of CaCO3 mixed with lab-grade sand and used to calculate CaCO3 concentrations for the
analyzed samples (Loeppert and Suarez, 1996; Soil Survey Staff, 2014). The IC values
were analyzed in triplicate and averaged. Inorganic carbon was subtracted from the TC
value to obtain SOC.
Organic matter content was determined using loss-on-ignition (Combs and
Nathan, 1998). In this method 2 g of soil are placed into individual crucibles and then
dried at 105℃ for 2 hr and weighed. Oven-dried samples are then placed into a muffle
furnace at 360℃ for 2 hr and 15 min, cooled for 30 min, and weighed. Loss-on-ignition
(LOI) is then calculated using the equation:
% LOI =

( 𝑀𝑂𝐷 -𝑀𝑎𝑠ℎ )
𝑀𝑂𝐷

* 100

(1)

,where MOD = oven-dry mass and Mash = mass of the ash remaining after ignition in the
muffle furnace.
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Statistical analysis
Predictive equations for SOC were developed for each MLRA using linear
regressions between SOC and SOM. One site within each MLRA was randomly selected
and withheld from the regression analysis for subsequent use in validating the
predictions. A Tukey test was used to compare the regression equations between MLRAs
(Zar, 2013). Equations that were not significantly different were combined for subsequent
analysis. Root mean square error (RMSE) was also used to test the accuracy of SOC
predictions against measured values using data from the sites set that were aside for
validation.

Results and Discussion
Basic prediction questions
A linear relationship between SOM and SOC was found in all four MLRAs. The
coefficient of determination (R2) for predicting SOC from LOI ranged from 0.59 to 0.93.
The SOC vs. SOM correlation for MLRA 67 was not as strong (R2 = 0.59) as the
correlations in other regions of Nebraska (R2 = 0.93). This is likely related to the
mineralogy of soils in MLRA 67. The Tripp and Mitchell series, two soil series with
volcaniclastic properties, are mapped in 18% of MLRA 67 in Nebraska (Soil Survey
Staff, 2021). While these soils do not meet the criteria for andic soil properties (Soil
Survey Staff, 2014), they do contain volcanic glass (Stolpe and Lewis, 1990; Stolpe et al.,
1993). As a consequence, soils in the Tripp and Mitchell series contain high amounts of
structural water at permanent wilting point (Stolpe and Lewis, 1990). Structural water can
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be held by the volcanic ash up to 150° C and is released continually up to 300° C (Tazaki
et al., 1992). This has implications for the SOC vs. SOM relationship, as the structural
water lost at higher temperatures likely inflates the SOM calculation.
The regressions for all four MLRAs had slopes ranging from 0.5578 to 0.6844,
which were not significantly different from each other according to Tukey’s test (Fig.
2.2). These slopes are similar, but slightly lower than, those determined in previous
studies of SOC vs. SOM relationships in the Midwest, which found slopes ranging from
0.5743 to 1.1414 (Konen et al., 2002). While previous work focused on non-calcareous
A horizon (Konen et al, 2002), results presented in this study include samples from all
horizons down to 100 to 180 cm, many containing CaCO3. The inclusion of subsoil
samples is likely the biggest factor explaining this difference in slopes.
The y-intercepts of the equations showed more variation between the regions,
ranging from -0.4233 in MLRA 71 to -0.6637 in MLRA 67 (Fig. 2.2). The y-intercepts of
the regressions for MLRA 67 and 71 were both significantly different from all other
regions. The y-intercept of the regression in MLRA 106 was -0.655, which was not
significantly different from the y-intercept of the regression for MLRA 107 (-0.598). The
y-intercept of the SOC vs. SOM regression is the SOC of a soil with no SOM, which
theoretically should be 0. However, all regressions found in this study had negative yintercepts, meaning that some portion of the mass lost during the LOI procedure contains
no carbon. The variation in y-intercepts between the regions could be due to differences
in composition of the SOM or another soil component that is burned off during LOI (e.g.,
structural water).
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Because MLRAs 106 and 107 had slopes and intercepts that were not
significantly different from each other, these datasets were combined for all subsequent
analyses (Fig. 2.2). The uniformity of SOC vs. SOM relationships between MLRAs 106
and 107 can be attributed to similarities in parent material (loess and glacial till), land-use
history, and historic vegetation between these regions of Nebraska.

Figure 2.2. Relationship between organic matter (loss-on-ignition) and soil organic
carbon (difference between total carbon and inorganic carbon) for soils in four major
land resource areas (MLRAs) in Nebraska (A= MLRA 67, B= MLRA 71, C= MLRAs 106
and 107).

Validation of basic predictions
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The van Bemmelen factor, which estimates SOM to be 58% carbon, produced
overestimates of SOC across all validation pedons (Fig. 2.3). The large over-estimation in
MLRA 67 can be attributed to structural water that inflates LOI in this region. The root
mean square error (RMSE) for the locally-trained predictions were smaller than the van
Bemmelen predictions, this indicates that the locally-trained estimations were closer to
the SOC measured by dry combustion corrected for inorganic carbon (Fig. 2). In MLRAs
71 and 106 & 107, the locally-trained SOC estimations were closer to the actual SOC
values in the subsoil, while SOC estimates at the surface were more accurate when the
van Bemmelen factor was used (Fig. 2.3).

Figure 2.3. Estimated soil organic carbon amounts from the locally-trained prediction
equations and the van Bemmelen factor (estimating that SOM is 58% carbon) are
compared to lab-measured amounts of SOC, calculated as the difference between total
carbon by dry combustion and inorganic carbon by the manometer method, within
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selected sites from the three different regions of Nebraska: A) MLRA 67, B) MLRA 71, C)
MLRA 106 & 107. Root mean square error (RMSE) was calculated for each prediction
method against lab-measured SOC.

This agrees with the findings of other studies, which suggest that soils near the
surface have a higher SOC vs. SOM ratio (Hussian et al., 1999; Pribyl., 2010). Thus, the
higher conversion (58%), works for the surface soils but then over-estimates SOC in the
subsoil. The locally-trained values underestimated SOC in the surface but worked well
for estimating subsurface SOC. This finding suggests that the locally-trained data may be
improved by considering sampling depth as a factor in the prediction.

Depth-modified prediction equations
In order to improve the locally-trained SOC estimation method, separate
predictive equations were developed for the surface and subsurface soils of each MLRA.
The surface equation includes all horizons for which the midpoint falls between 0 and 25
cm. The subsurface equation includes all horizons for which the midpoint falls below 25
cm. Strong linear relationships (R2 = 0.83 - 0.95) were found between SOM and SOC for
surface soils (0 - 25 cm) in all three regions (Table 2.2, Fig. 2.4). The slope and intercept
of the equation relating SOM to SOC in MLRA 67 (m = 0.6235, b = -0.5047) were
significantly different from the equations for MLRA 71 (m = 0.7614, b = -0.6083) and
MLRA 106&107 (m = 0.6616, b = -0.7125) (Table 2.2). The equation for MLRA 67 is
also different from those presented for surface soils in other MLRAS of the Midwest
(Konen et al., 2002). Of the regions examined previously, MLRA 67 is geographically
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closest to MLRA 65 (Nebraska Sandhills), however the SOC vs. SOM are remarkably
different, with MLRA 65 having a slope of 1.1414 and intercept of = -0.0679 (Konen et
al., 2002). The predictive equations for MLRA 71 and MLRAs 106 and 107 were
significantly different in intercept, but not slope (Table 2.2).
For the subsoil (26+ cm), the coefficient of determination (R2) for predicting SOC
from SOM ranged from 0.04 to 0.86 (Table 2.3). The regression using subsoil data from
MRLA 67 had a very low coefficient of determination (R2 = 0.04), revealing that there is
no relationship between SOC and SOM measured in these depths. This may be an area of
future research to improve LOI methods for western Nebraska. The issue observed here
likely derives from water that is strongly held by mineral surfaces of volcaniclastic soils
of this region (Stolpe et al., 1993). It is likely that this water is not removed during the
drying step of the LOI method used in the study, but is removed during the ignition step,
leading to inflation of the SOM measurement. A modified drying procedure may correct
for this issue when performing LOI on soils from MLRA 67. Similar to the surface soils,
the predictive equations for the subsoil samples (26+ cm) for MLRA 71 and MLRAs 106
and 107 were significantly different in intercept, but not slope (Table 2.3). Both regions
have a steeper slope of the SOC vs SOM equation in the surface than in the subsoil. This
suggests that the SOM in the surface soils has more carbon, which is reflective of an
increasing stage of decomposition and organo-mineral associations with depth (Kramer et
al., 2017).
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Figure 2.4. Relationships between organic matter (loss-on-ignition) and soil organic
carbon (difference between total carbon and inorganic carbon) for soils in four major
land resource areas (MLRAs) in Nebraska. Black markers represent 0 - 25 cm and white
markers represent 26+ cm depths. A= MLRA 67, B= MLRA 71, C= MLRAs 106 and
107).

Table 2.2. Soil organic carbon (SOC) predictive equations for major land resource areas
(MLRAs) in Nebraska at 0-25 cm. Slopes and intercepts correspond to Fig. 2.5.
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MLRA
67

Depth (cm)
0 - 25 cm

Slope
0.6235a†

Intercept
-0.5047a‡

R2
0.82

71

0 - 25 cm

0.7614b

-0.6083c

0.95

106 & 107

0 - 25 cm

0.6615b

-0.7125b

0.44

† Slopes with different letters are significantly different at p ≤ 0.05 according to Tukey’s
test. ‡ Intercepts with different letters are significantly different at p ≤ 0.05 according to
Tukey’s test.

Table 2.3. Soil organic carbon (SOC) predictive equations for major land resource areas
(MLRAs) in Nebraska at 26+ cm. Slopes and intercepts correspond to Fig. 2.5.
MLRA
67

Depth (cm)
26+ cm

Slope
0.079a†

Intercept
0.1156a‡

R2
0.02

71

26+ cm

0.4928b

0.2236c

0.75

106 & 107

26+ cm

0.5346b

-0.4868b

0.86

† Slopes with different letters are significantly different at p ≤ 0.05 according to Tukey’s
test. ‡ Intercepts with different letters are significantly different at p ≤ 0.05 according to
Tukey’s test.

Validation of depth-modified predictive equations
The equations from Fig. 4 were applied to the randomly selected validation pedon
in each MLRA (Table 2.2). The resulting predictions were compared to the lab-measured
SOC (dry combustion corrected for inorganic carbon) and the predictions made without
consideration of depth (Fig. 2.5). The results from depth-modification yielded better
estimates for SOC at the surface and with depth. The RMSE for predication made using
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the depth-modified equations were found to be smaller (RMSE = 0.02-0.07) than the
single-equations without depth-modification (RMSE = 0.05-0.18) (Fig. 2.5). By splitting
the equations into two depths ranges we were able to better estimate SOC of the entire
profile in each site. It has been estimated that 56% of all global soil carbon is found at
depths more than 1 m below the soil surface, but measurements of this portion of the soil
carbon pool are lacking (Joggaby and Jackson, 2000; James et al., 2014). The first
obstacle to measuring carbon lower in the soil profile is collecting the soil samples.
However, a secondary problem is the increased number of samples that must be analyzed
when a greater depth of soil is examined. Use of the lower-cost LOI method is one way
to increase capacity to analyze more samples, generate more data, and develop more
accurate models of the soil carbon pool. The locally-trained, depth-specific equations
yielded the best estimates of SOC on the basis of LOI data in all MLRAs. One issue that
is not addressed by this study is estimating SOC at depths below 180 cm. Future work
should consider if the 26+ cm equations are accurate to greater depths (e.g., 3 m) and if
the presence of loess paleosols affect the SOC vs. SOM relationship.
The values in Table 2.2 and 2.3 can be used by scientists, landowners, and
producers to estimate SOC content by using the equation below:
% SOC = (m × % SOM) + b

(2)

Where m = the slope of the equation and b = the intercept from Table 2.2. The values in
Table 2.2 should be used with samples from the upper 25 cm of the soil and values from
Table 2.3 should be used for samples collected from depths greater than 25 cm. Below is
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an example for estimating SOC content of surface soils (0-25 cm) in MLRA 71 using an
organic matter value of 4.3 %.
% SOC = (0.7614 × 4.3 % SOM) + -0.6083 = 2.67%

(3)

Figure 2.5. Estimated soil organic carbon amounts from the locally-trained depthspecific correlation and the single equation correlation are compared to measured
amounts of SOC from dry combustion within selected sites from the three MLRAs (A=
MLRA 67, B= MLRA 71, C= MLRAs 106 and 107). Root mean square error (RMSE) was
calculated for each method against the dry combustion values.

Conclusion
Results from this study indicate that LOI can be an accurate method for
measuring SOC, which is relatively inexpensive and simple to perform. However,
accuracy of LOI as a measure of SOC requires locally-trained, depth-specific prediction
equations to account for differences in SOM composition and soil mineralogy. This paper
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provides prediction equations for four of Nebraska's MLRAs (Tables 2.2 and 2.3),
although one of the regions considered, MLRA 67, showed poor relationships between
SOC and SOM in the subsoil. Further research on SOC vs. SOM relationship is
recommended for MLRA 67. The equations presented in this paper add to the existing
literature on SOC analysis, including similar SOC vs. SOM equations developed for two
other Nebraska MLRAs (Konen et al., 2002). This paper expands upon previous work by
considering how SOC vs. SOM relationships vary with depth. Improvement of SOC
estimates using LOI has the potential to increase the quantity of SOC data, as LOI is a
routinely measured soil property that is easier and less expensive to analyze compared to
direct measurement of SOC. The equations presented here give producers and landowners the ability to estimate the amount of SOC within their lands using a routine
analysis.
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Chapter 3: Long term impact of crop management under irrigation on semi-arid
soils in Nebraska, USA
Abstract
Irrigation plays a critical role in crop production within Nebraska. This change in
natural soil moisture has been shown to impact soils over time. The objective of this
study was to examine the impact of irrigation on soils in two important crop producing
regions in Nebraska over 60 years. Pedon description and sampling was conducted at 14
study sites in two major land resource areas (MLRAs): the Central High Plains (MLRA
67) and the Central Nebraska Loess Hills (MLRA 71). Each selected site was previously
sampled between 1951 and 1961 during fieldwork for development of the modern soil
survey. Pedon descriptions and characterization data collected in 2020 were compared to
those collected 60 years prior for the soil survey. Values compared included soil organic
carbon (SOC), soil inorganic carbon (SIC), pH, exchangeable sodium (ESP), and
electrical conductivity (EC). In MLRA 67 SOC stocks were significantly increased,
resulting from increased SOC concentrations in the upper 25 cm. In contrast, soils in
MLRA 71 experienced a decrease in SOC throughout the profile. Natrustolls were most
altered by 60 years of irrigation, experiencing significant decreases in SOC stocks, pH,
ESP, and EC. The results from this study demonstrate 60 years of irrigation have changed
many of soil properties, such that these soils are no longer accurately represented in the
soil survey.
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Introduction
Irrigation has been playing a critical role in increasing crop production globally.
Worldwide, only 20% of croplands are irrigated, but this land produces 40% of our food
supply (FAO, 2021). From a pedologic standpoint, the act of irrigation represents a
change in the forming factors, primarily with regards to the climate and organisms. Over
decades of irrigated agricultural production, both physical and chemical properties of
soils can be changed to equilibrate with the new constellation of forming factors.
One of the way soils change in response to irrigation is the amount of carbon
present in the form of soil organic matter. When irrigation water is added to a previously
water-limited system, net primary productivity is increased, leading to more organic
matter entering the soil (Denef, 2008; Emde et al., 2021; Entry et al., 2004). Irrigation
can increase soil organic carbon (SOC) storage by 11 to 35% (Emde et al., 2021; Trost et
al., 2013). Increasing efficiency of existing agricultural lands can also halt or delay the
conversion of less productive lands into agricultural production, which in turn keeps
more carbon in the soil (Wei et al., 2014). However, under some circumstances, irrigation
can decrease SOC storage by stimulating microbial activity and organic matter
decomposition (Churchman and Tate, 1986; De Bona et al., 2006; Denef et al.,
2008). Few studies have examined change in SOC under long-term irrigation (50 to 230
years) (Heakal and Al-Awajy, 1989; Khalifa et al., 1989). In both studies, the irrigated
lands were found to have SOC concentrations several times higher than the non-irrigated
soils. Along with this carbon increase they observed a decreasing bulk density over time,
indicating that these soils had an increased soil development (Heakal and Al-Awajy,
1989). Some work has been done on shorter time lengths (10 to 30 years) (Bordovsky et
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al., 1999; Gillabel et al., 2007; Lueking and Schepers, 1985; Presley et al., 2004;
Williams, 2001). These short-term studies have found mixed results with the impact of
irrigation on SOC; with soil texture being the most important factor. Finer textured soils
were found to have less of an increase in Kansas (Presley et al., 2004; Williams, 2001),
with coarser textures having a significant increase in SOC in Nebraska and Texas
(Bordovsky et al., 1999; Gillabel et al., 2007; Lueking and Schepers, 1985).
Along with SOC, irrigation has been found to have an impact on soil inorganic
carbon (SIC). In arid and semi-arid lands SIC is a substantial component of the carbon
pool, which exceeds the size of the SOC pool in many soils (Denef et al., 2008). The
majority of SIC is in the form of carbonates (Schlesigner, 2012). Carbonates make up an
estimated 940 Pg throughout the world and are generally stored deeper in the soil profile
than SOC (Lal, 2018). The impact of irrigation on SIC is dependent on climate, soil
texture, and irrigation water quality. Entry et al. (2004) found an increase of SIC in sandy
semi-arid soils in as little as 4 years of irrigation when high carbonate water was used.
Others have found that good quality water and long-term irrigation can leach soils of their
carbonates (Breemen and Protz, 1988). Some studies have shown little to no impact in
fine-silty and loamy semi-arid soils when using clean high-quality irrigation water (Denef
et al., 2008; Presley et al., 2004).
Depending on the quality of the irrigation water, irrigated agriculture can also
have profound effects on soil salinity and sodicity (Ayers and Westcott, 1989;
Rengasamy and Olsson, 1993; Shainberg and Letey, 1984). Saline soils are soils with
high levels of water-soluble salts and sodic soils are soils with high levels of
exchangeable sodium. Root zone salinity causes osmotic stress in plants grown in saline
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soils. Problems associated with sodic soils include clay dispersion and aggregate
degradation (Ahmed et al., 2010; Amezketa, 1999; Levy and Torrento, 1995). When
water infiltrates sodic soils, sodium is dissolved causing a dispersion of clays. As these
solutes translocate deeper, pore size gets smaller and permeability becomes slower
causing a concentration of sodium and illuvial clays eventually leading to the formation
of a natric horizon (Presley et al., 2011). Soils with natric horizons are common in the
Platte River valley, making up 15% of some central Nebraska counties including Hall
County (Al‐Janabi and Lewis, 1982). These sodic soils can be remediated by an
application of sulfur, gypsum, or calcium chloride (Fitts et al., 1939; Fitts et al., 1944).
Leaching of sodium is also noted to occur over several years of furrow irrigation, leading
to thinner natric horizons (Lewis and Al-Janabi, 1989).
The objective of this study was to assess the impact of irrigated crop production
on western and central Nebraska soils over 60 years. As of 2007, Nebraska had 3.6
million hectares of irrigated land, which is 17.3% of the state’s land area (Johnson et al.,
2011). Currently, the impact of long-term irrigation in Nebraska is largely unknown. We
hypothesized that 60 years of continued irrigation and agricultural production would lead
to an increase in soil organic carbon in coarser textured semi-arid soils of Nebraska, as
seen in other regions (Bordovsky et al., 1999; Gillabel et al., 2007; Lueking and
Schepers, 1985).We expect finer-textured soils will have less change in SOC due to
increases in plant productivity being counteracted by similar increases in mineralization
rates (Presley et al., 2004; Williams, 2001). Along with this, we expect that SIC, pH,
ESP, and EC will decrease as a result of leaching of carbonates, base cations, and soluble
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salts (Breemen and Protz, 1988; Denef et al., 2008; Lewis and Al Janabi, 1989; Presley et
al., 2004).

Materials and Methods
Study sites
Fourteen study sites were selected from two counties within Nebraska (Fig. 3.1).
These counties were selected because they each were intensively sampled during the
creation of the modern soil survey. These counties occur in different major land resource
areas (MLRAs), which different geologic and climatic conditions (Table 3.1). The study
sites had native vegetation of mid- and short-grass prairies (NRCS, 2006; Yost, 1968).
Irrigation in both counties has been practiced since the beginning of the 1900s (Yost,
1962; Yost, 1968). Using historical aerial photographs of the study sites, we were able to
confirm all study sites have been under irrigated row-crop management practices since
1960.
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Figure 3.1. Location of study sites within Nebraska. MRLA 67 - Central High Plains and
MLRA 71- Central Nebraska Loess Hills. Shading of dots indicates site soil group (light
gray = Haplustepts, white = Torriorthents, dark gray = Haplustolls, black =
Natrustolls).

Table 3.1. General information about study sites.
MLRA

Great Group

Number of
Sites

Haplustepts

3

67

Average
Slope %

Geology

Sandstone, Shale,
<1

325 - 425

Torriorthents

3

and Siltstone

Haplustolls

4

Loess, Sands, and

Natrustolls

4

71

Average
Precipitation
(mm)

<1

535 - 735
Gravels

Soils sampled in MLRA 67 include Torriorthents (Keota series), which occur in
the uplands and formed from the Arikaree sandstone and Brule siltsone, and Haplustepts
(Mitchell and Tripp series), which occur on alluvial fans (NRCS, 2006). Soils sampled in
MLRA 71 include Natrustolls (Silver Creek and Wood River series), which occur on
floodplains, and Haplustolls (Hord and Wann series), which occur on stream terraces. All
soils sampled in this MLRA were formed from Platte River valley alluvium (NRCS,
2006; Yost, 1962). All great groups included in the analysis occurred at three or four of
the study sites. Soils from other great groups were sampled, but replication of these was
insufficient for statistical analysis. Data form these sites is included in the appendix.
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Soil sampling
The sites selected for this study were previously sampled from 1950 to 1961 for
use in the modern soil survey of Nebraska (Soil Conservation Service, 1966). These sites
were selected to study soil genesis, facilitate classification, and to obtain data to provide
more useful interpretations. At each location, a soil pit was excavated and sampled
according to the accepted methods of the time (Soil Conservation Service, 1951). For
simplicity, samples collected during this earlier period will be referred to as 1955 samples
(the average year of sampling). The original public land survey system sampling
locations were converted to GPS coordinates, which can be found in the National
Cooperative Soil Survey Soil Characterization Database (NRCS, 2020).
The sites were re-visiting for sampling in 2020. Before sampling, each site was
examined to ensure the cores will not be taken within the old pit location. Three 5-cm
diam. cores were taken within one meter of the converted historical geolocation and
within 50 cm of each other, down to the depth of the original pedon description (100 to
180 cm) with a hand-operated soil probe (Gas Powered Core Sampling Kit, AMS). The
cores were then transported to Lincoln, NE, where they were described and sampled by
morphological horizon (Schoeneberger et al., 2012). The average depth of horizon
boundaries was calculated for the three cores from each site. Samples from the three
cores were composited by horizon to obtain a more representative sample for lab
analysis.
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Laboratory analysis
The 1955 samples were analyzed for SOC using the Walkley-Black (WB) method
of wet chemical oxidation (Walkley and Black, 1934). This method rarely used today,
due to concerns regarding the use of heavy metals and environmental impacts of their
disposal (Konen et al., 2002; Nelson and Sommers, 2018). As a result, the same method
could not be repeated with the study samples. Instead, total carbon (TC) was analyzed by
dry combustion using a carbon/nitrogen analyzer (CN828, LECO). Soil inorganic carbon
was determined by measuring the pressure from acid digestion with a Dwyer 475
manometer. For the calibration, various amounts of pure CaCO3 mixed with lab-grade
quartz sand to create a standard curve that was used to calculate the amount of carbonates
in the samples (Loeppert and Suarez, 1996; Soil Survey Staff, 2014). Carbonates were
measured in triplicate for each composite sample and averaged. Soil inorganic carbon
was subtracted from the TC value to obtain SOC. The 1955 samples were also analyzed
for carbonates using acid digestion, however, the volume of gas produced was measured
by attaching a syringe, rather than measuring pressure generated with a manometer (Soil
Survey Staff, 2014). pH was measured with a Ag/AgCl electrode in a saturated soil paste
with deionized water in 1955 and 2020. Two sites from the MLRA 67 were missing pH
values in the 1955 dataset, however, the 1955 samples from these sites were obtained
from the soil survey archived and pH was measured in 2020. Exchangeable sodium
measured in an NH4OAc extract in both 1955 and 2020 (Richards, 1954). In 1955,
exchangeable sodium percentage (ESP) was calculated by dividing the exchangeable
sodium by the cation exchange capacity (CEC) by NH4OAc at pH 7.0and multiplying by
100 (Soil Survey Staff., 2014). In 2020, NH4OAc CEC was not measured, rather Na as a
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percentage of exchangeable base cations (Na%) was calculated (DeSutter et al., 2015).
Electrical conductivity (EC) was measured in a saturation paste extract for the 1955
samples and in a 1:1 suspension in 2020 (Soil Survey Staff, 2014). Bulk density of the
1955 samples was analyzed by the clod method at field capacity (Soil Conservation
Service, 1951). For the cores collected in 2020, bulk density was calculated using the
oven dry mass for the whole horizon sections from the core (Veenstra and Burras, 2015).

Adjustments to compensate for methodological change
Since the 1950s, many methods for determining soil properties have changed. For
this reason, adjustments were needed to ensure that any difference identified can be
attributed to changes in the soils themselves, not the methods used for analysis. One
method that is different is the analysis of carbonates, which was analyzed by the syringe
method in 1955 and that manometer method in 2020. In-order to correct for any affect
that the change in methods might have on the data, a set of 17 samples that still remained
from the original 1955 field sampling were used. The samples included 16 from Scotts
Bluff County and one from Pawnee county. They were the only samples from the 1955
field work that still remained in the Kellogg Soil Survey Lab archive. The samples from
the archive were analyzed by the manometer method and a regression was developed
between data obtain by syringe and manometer, which was applied as a correction factor
for all 1955 data (Fig. 3.2A).
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Figure 3.2. Plot of conversion data used within Nebraska. A: Manometer method and
NRCS syringe method, B: Ward Lab dry combustion and Walkley-Black soil organic
carbon, C: NRCS exchangeable sodium percentage and NRCS percent sodium.

Another change in methods was in SOC analysis, which was measured by the
Walkley-Black method in 1955 and by dry combustion (corrected for inorganic carbon)
in 2020. To make these values comparable, all soil horizons from Nebraska for which
both methods of analysis had been performed were extracted from the National Soil
Information System (n= 443). These data were used to develop a regression that could be
used to convert the 1955 Walkley-Black data to an equivalent dry combustion (corrected
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for inorganic carbon) value (Fig. 3.2B). The converted SOC was used in all subsequent
analysis.
Another methodological difference was in the analysis of exchangeable cations
and CEC. While the 1955 data reports ESP (calculated using NH4OAc CEC), the 2020
dataset only contains Na% (sodium as a percentage of base cations). While these values
are not the same, various measures of sodium, including ESP, Na%, and sodium
adsorption ratio (SAR) are related, and corrections factors can be developed and applied
if regionally representative samples are used (DeSutter et al, 2015; Chi et al., 2011). To
develop a correction factor that could be applied this this study, the 1955 data was used to
calculate both ESP and Na%, and the relationship between these two values was analyzed
in a regression (n= 268) (Fig. 3.2C). In this case, the 2020 data was converted to ESP to
match both the 1955 data and taxonomic criteria for the natric horizon (Soil Survey Staff,
2014).
Another difference in analytical methods was the dilution of the EC measurement.
The 1955 ECs were measured in a saturation paste extract, while the 2020 analysis used a
1:1 suspension. In this case, the percent moisture at saturation from this historical report
was used to calculate the estimated EC of a 1:1 suspension for the 1955 samples, using
the equation:
𝐸𝐶1:1 = 𝐸𝐶𝑒 ×

%𝑀𝑠𝑎𝑡
100

, where EC1:1 = EC of the 1:1 suspension, ECe = EC of the saturation paste extract, and
%Msat = percent moisture at saturation.
Although bulk density was run by different methods in the 1955 and 2020
datasets, no correction factor was applied. This is consistent with the approach taken in
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past studies (Veenstra and Burras, 2015) and supported by work showing overall
similarity of bulk density between clods extracted from the wall of a pit face and samples
extracted from a soil core (Airori et al, 2021).
The methods of pH measurement were not changed from 1955 to 2020, therefore
not corrections were required. The similarity of the data was confirmed using the
samples obtained from the archive.

Data analysis
In each MLRA, the properties of soils classified in the same great group were
averaged and treated as replicates for statistical comparison between the 1955 and 2020
sampling. Due to variation in horizon thicknesses between sites, we utilized the Land
Degradation Surveillance Framework and standardized depth increments to 1-10 cm, 1020 cm, 20-50 cm, 50-100 cm, and 100+ cm (Vågen and Winowiecki, 2013). At each site,
depth weighted averages of each soil property (SOC, SIC, pH, ESP, and EC) were then
calculated using the “slab” function within the Algorithms for Quantitative Pedology
“AQP” packet in R (Beaudette, Roudier, and O’Geen, 2022; R Core Team 2019).
Organic carbon stocks were calculated by multiplying the SOC for each depth category
by its average bulk density and thickness. These individual horizon carbon stocks were
then summed for a total carbon stock for each profile. If sites within a single great group
were sampled to different depths, the shallowest depth was used for carbon stock
calculations to make the analysis uniform within a group. All data were found to have
non-normal distributions, and because of this distribution a Wilcoxon rank sum test was
used to test for significant differences between 1955 and 2020 data
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Results
MLRA 67
The Haplustepts sites were found to have had significant changes from 1955 to
2020 in all of the properties examined for this study (Fig. 3.3). Organic carbon for these
sites had significantly increased from surface to 25 cm in depth (Fig. 3.3A). The organic
carbon stocks of the sites were found to have significantly increased over 60 years of
irrigation (Fig. 3.3C). A significant increase in pH was observed below 100 cm (Fig.
3.3D). Exchangeable sodium percentagesignificantly increased for the upper profile (0 to
25 cm) (Fig. 3.3E). Lastly, the electrical conductivity had decreased significantly at every
depth (Fig. 3.3F).
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Figure 3.3. Depth plots comparing 1955 and 2020 characterization data for soils
classified as Haplustepts in MLRA 67 (n=3). Datapoints are averages and error bars are
standard deviation. Amounts with * are significantly different from each other at p ≤
0.05 according the the Wilcoxon rank sum test.

The Torriorthents sites had a significant increase in organic carbon from surface
to 25 cm (Fig. 3.4A). The SIC was significantly decreased from 25 to 50 cm (Fig. 3.4B).
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Organic carbon stocks were found to have significantly increased as well (Fig. 3.4CA
significant decrease in pH was observed at the surface (0 to 10 cm) (Fig. 3.4D).
Exchangeable sodium significantly increased from 25 to 50 cm (Fig. 3.4E). Electrical
conductivity significantly throughout all horizons except 25 to 50 cm (Fig. 3.4F).

Figure 3.4. Depth plots comparing historical soil data properties to the modern amounts
and their associated standard deviation for Torriorthents sites (n= 3) within MLRA 67.
Amounts with * are significantly different from each other at p ≤ 0.05.
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MLRA 71
The Haplustolls had a significant decrease in organic carbon from in the 100+ cm
soils (Fig. 3.5A). Organic carbon stocks were not found to have significantly changed
(Fig. 3.5C). Exchangeable sodium significantly decreased from 10 to 50 cm and
increased from 50 to 100+ cm (Fig. 3.5E). Electrical conductivity had significantly
decreased from in the 100+ cm soils (Fig. 3.5F).
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Figure 3.5. Depth plots comparing historical soil data properties to the modern amounts
and their associated standard deviation for Haplustolls sites (n= 4) within MLRA 71.
Amounts with * are significantly different from each other at p ≤ 0.05.

Natrustolls in MLRA 71 were found to have quite significant changes after 60+
years of irrigation. Soil inorganic carbon increased from 25 to 50 cm but decreased from
50 to 100+ cm (Fig. 3.6B). Along with the changes observed in both organic and
inorganic carbon, the organic carbon stock significantly decreased (Fig. 3.6C). The
profile had decreased in pH from 50 to 100+ cm (Fig. 3.6D). Exchangeable sodium and
electrical conductivity significantly decreased from 25 to 100+ cm (Fig. 3.6).
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Figure 3.6. Depth plots comparing historical soil data properties to the modern amounts
and their associated standard deviation for Natrustolls sites (n= 4) within MLRA 71.
Amounts with * are significantly different from each other at p ≤ 0.05.

Discussion and Conclusion
Soil organic carbon and organic carbon stocks
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The results from this study demonstrate that the soils in Nebraska have been
impacted by irrigation. These impacts started in the early 1900s and have continued into
the 21st century. The first hypothesis was that coarse textured semi-arid soils will have
increased SOC over 60 years. The addition of soil moisture increases plant growth, which
has been shown to increase C inputs via plant litter and root production, which leads to an
increase in the amount of SOC added to the soils (Denef et al., 2008; Gregorich et al.,
1996; Huggins et al., 1998; Rasmussen et al., 1980). In both MLRA 67 sites, the SOC
was found to be significantly increased in the upper 25 cm of the profiles. The
Haplustepts sites were found to have increased SOC an average of 25% and the
Torriorthents sites increased by 57% for the entire profiles. The surface soils were
increased by 76 and 71 % respectively. These values are higher than those found in
southwest Nebraska (Denef et al., 2008). Here they observed increases of 10 to 12 % in
the surface soils when compared to non-irrigated field corners. These sites had only been
under irrigation for 30 to 40 years (Denef et al., 2008). The SOC stocks in both MLRA
67 sites had significantly increased after 60 years of irrigation. The Haplustepts sites were
found to have increased their stocks by 19.3% and the Torriorthents increased by 43.8%.
These SOC stock increases are similar to studies of semi-arid coarse textured soils in
Central Nebraska and Texas (13 to 38%) (Brodovsky et al., 1999; Lueking and Schepers,
1985). The results of this study confirm that coarse textured semi-arid soils of MLRA 67
have increased in both SOC and organic matter stocks under irrigation.
The finer textured MLRA 71 sites also had less of an impact on SOC change.
Both sites had a decrease in SOC for the entire profile. Although these results were not
all significantly changed, these studies demonstrate the impact of irrigation in deeper
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soils and the need to fill these knowledge gaps as stated by Lal (et al., 1998). The
landscape position of these sites (flood plain) led to the assumption that the locations had
most likely been drained via tillage. This drainage could increase the amount of SOC that
can be translocated deeper and out of the soil profiles (Kaiser and Kalbitz, 2012). These
Nebraska findings contradict results seen in Iowa soils where artificially drained soils
increased 2% in SOC (Veenstra, 2012). This indicates that more work should be done in
artificially drained Nebraska soils to see if the results were outliers. The Natrustolls sites
decreased in SOC throughout the entire soil profile with 10 to 100+ cm soils being
significantly decreased; this decrease was 2% from 1955. These sites were also found to
have significantly decreased in SOC stocks over 60 years. These losses are likely due to
the dispersion of mineral associated organic matter from sodium ions (Barzegar et al.,
1997; Ward III and Carter, 2004). When the sodium is desorbed from soil particles, it can
cause carbon to become more readily leached (Gupta et al., 1984). Because these sites
were only sampled to a depth of roughly 1 m it is difficult to know whether this carbon
has been fully translocated from the profiles or is now below the maximum sampling
depth. A study looking at lower soil depths could more easily answer this question and
would provide some valuable information on the deep carbons within these
environments. The results of these finer-textured semi-arid soils show that the SOC and
organic carbon stocks have decreased over 60 years of irrigation. Along with the changes
to organic carbon, changes were also seen in the soil inorganic carbon.
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Soil inorganic carbon
The Torriorthents in MLRA 67 had a significant decrease from 25 to 50 cm. This
decrease in SIC with depth was a 52% loss from the original values. Similar results were
found by Magaritz and Amiel (1981) where they documented loss in semi-arid soils
under irrigation through dissolution and leaching. The MLRA 71 Natrustolls sites also
had a significant decrease from 25 to 50 cm. These modern SIC were on average 8%
lower than the original values. This agrees with other studies showing that long-term
irrigation has translocated carbonates in Mollisols (Khokhlova et al., 1997). Both of these
SIC losses are most likely associated with translocation of carbonates out of the soil
profile.

pH, ESP, and EC
Both MLRA 67 sites were shown to have significant changes in soil chemical
analysis. The Haplustepts had a significant increase in pH at the surface (0 to 10 cm) and
Torriorthents only decreased at the lowest soils (100+ cm). Torriorthents had a significant
increase in ESP from 25 to 50 cm. The Haplustepts sites were shown to have significantly
increased ESP from 0 to 25 cm. The irrigation water quality is likely causing the
observed changes in these soils. While this study doesn’t examine the quality of irrigation
water used, similar increases in exchangeable sodium were found in studies across
Kansas when poor quality irrigation water was utilized (Dixon, 1960; Lynn, 1958;
Naddih, 1960; Presley et al., 2004).
Changes to MLRA 71 soils were also observed in the chemical analyses. For the
Haplustolls sites, ESP significantly increased from 10 to 50 cm and decreased from 50 to
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100+ cm. This is once again a sign that the irrigation water quality might be an issue for
these locations. The Natrustolls had perhaps the largest chemical change of all of our
study sites. Here, pH, ESP, and EC were all significantly decreased. Only the surface
soils were found to have increased in exchangeable sodium. The increase is an indication
of upward groundwater movement and deposition of salts at the surface soils (Rose et al.,
2005). The decrease in pH, exchangeable sodium and electrical conductivity that after 60
years of continued irrigation these sites would no longer qualify as Natrustolls (15%
ESP). The Natrustolls soils had a significant decrease in pH, exchangeable sodium and
electrical conductivity. These results are similar to other studies on salt impacted soils
where irrigation, the change of pH noted in other soils when leached of salts. (Ayers and
Westcot, 1989). Also in Nebraska, ESP from natric soils were shown to have been
decreased after seven years of irrigation (Lewis and Al Janabi, 1989).
Overall, this study demonstrates that irrigation continues to change the soils
within Nebraska. Soil organic carbon has increased in MLRA 67 as a result of increased
plant productivity via irrigation. Along with changes in carbon dynamics within soils
from MLRA 67, large changes in soil chemistry were observed in some soils within
MLRA 71. The increased irrigation in these sites led to leaching of salts which in turn has
decreased pH, ESP, EC. The translocation of salts in these soils is also most likely
causing SOC dispersion causing a decrease in SOC content.
This study suggests that semi-arid soils under irrigation in Nebraska have changed
since the completion of the modern soil survey. In some areas these changes have
improved the soils and allowed them to likely become more productive. As our soils
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become more intensively managed soils maps need be updated to better reflect the
current soil properties.

55

References

Ahmed, B.O., Inoue, M. and Moritani, S., 2010. Effect of saline water irrigation and
manure application on the available water content, soil salinity, and growth of
wheat. Agricultural water management, 97(1), pp.165-170.
Al‐Janabi, K.Z. and Lewis, D.T., 1982. Salt‐affected Soils in the Platte River Valley of
Central Nebraska: Properties and Classification. Soil Sci. Soc. Am. J., 46(5),
pp.1037-1042.
Amezketa, E. 1999. Soil aggregate stability: a review. J. Sustain. Agric. 14(2–3): 83–151.
Ayers, R.S., and D.W. Westcott. 1989. Water quality for agriculture. FAO Drainage
paper 29. Food Agr Org U. N. Rome.
Barzegar,A. R., P. N. Nelson, J.M. Oades,and P. Rengasamy. 1997. Organic matter,
sodicity, and clay type: Influence on soil aggregation. Soil Sci. Soc. Am. J.
61:1131–1137.
Beaudette, D., P. Roudier, M.D. Beaudette, and M. RColorBrewer. 2022. Package ‘aqp.’
Bordovsky, D.G., M. Choudhary, and C.J. Gerard. 1999. Effect of tillage, cropping, and
residue management on soil properties in the Texas Rolling Plains. Soil Sci.
164(5): 331–340.
Breemen, N. van, and R. Protz. 1988. Rates of calcium carbonate removal from soils.
Can. J. Soil Sci. 68(2): 449–454.
Chun-Ming, C.H.I., Chang-Wei, Z.H.A.O., Xiao-Jing, S.U.N. and Zhi-Chun, W.A.N.G.,
2011. Estimating exchangeable sodium percentage from sodium adsorption ratio

56

of salt-affected soil in the Songnen plain of northeast China. Pedosphere, 21(2),
pp.271-276.
Churchman, G.J. and Tate, K.R., 1986. Effect of slaughterhouse effluent and water
irrigation upon aggregation in seasonally dry New Zealand soil under
pasture. Soil Research, 24(4), pp.505-516.
De Bona, F.D., C. Bayer, H. Bergamaschi, and J. Dieckow. 2006. Soil organic carbon in
sprinkler irrigation systems under no-till and conventional tillage. Rev. Bras.
Cienc. Solo 30(5): 911–919.
De Wrachien, D., B. Schultz, and M.B. Goli. 2021. Impacts of population growth and
climate change on food production and irrigation and drainage needs: A worldwide view. Irrig. Drain. 70(5): 981–995.
Denef, K., C.E. Stewart, J. Brenner, and K. Paustian. 2008. Does long-term center-pivot
irrigation increase soil carbon stocks in semi-arid agro-ecosystems? Geoderma
145(1–2): 121–129. doi: 10.1016/j.geoderma.2008.03.002.
DeSutter, T., Franzen, D., He, Y., Wick, A., Lee, J., Deutsch, B. and Clay, D., 2015.
Relating sodium percentage to sodium adsorption ratio and its utility in the
northern Great Plains. Soil Sci. Soc. Am. J., 79(4), pp.1261-1264.
Dixon, R.M. 1960. The effects of irrigation on the chemical properties of some north
central and southwestern Kansas soils. M.S. thesis. Kansas State Univ.,
Manhattan.
Eaton, F.M. 1950. Significance of carbonates in irrigation waters. Soil Sci. 69(2): 123–
134.

57

Emde, D., K.D. Hannam, I. Most, L.M. Nelson, and M.D. Jones. 2021. Soil organic
carbon in irrigated agricultural systems: A meta‐analysis. Glob. Change Biol.
27(16): 3898–3910. doi: 10.1111/gcb.15680.
Entry, J.A., Sojka, R.E. and Shewmaker, G.E., 2004. Irrigation increases inorganic
carbon in agricultural soils. Environmental Management, 33(1), pp.S309-S317.
FAO. 2021. The state of the world’s land and water resources for food and agriculture:
systems at breaking point. Synthesis report. Earthscan, Rome.
Fitts, J.W., Rhoades, H.F. and Lyons, E.S., 1939. “Slick Spots” in Nebraska 1. Agronomy
Journal, 31(10), pp.823-831.
Fitts, J.W., Lyons, E.S. and Rhoades, H.F., 1944. Chemical treatment of “slick
spots”. Soil Sci. Soc. Am. J., 8(C), pp.432-436.
Gillabel, J., K. Denef, J. Brenner, R. Merckx, and K. Paustian. 2007. Carbon
sequestration and soil aggregation in center-pivot irrigated and dryland cultivated
farming systems. Soil Sci. Soc. Am. J., 71(3): 1020–1028.
Gregorich, E. G., B. C. Liang, B. H. Ellert, and C. F. Drury. 1996. Fertilization effects on
soil organic matter turnover and corn residue C storage. Soil Sci. Soc. Am. J. 60.
2: 472-476.
Gupta, R.K., D.K. Bhumbla, and I.P. Abrol. 1984. Effect of sodicity, pH, organic matter,
and-calcium carbonate on the dispersion behavior of soils. Soil Sci. 137(4): 245–
251.
Heakal, M.S., and M.H. Al-Awajy. 1989. Long-term effects of irrigation and date-palm
production on Torripsamments, Saudi Arabia. Geoderma 44(4): 261–273. doi:
10.1016/0016-7061(89)90035-9.

58

Huggins, David R., G. A. Buyanovsky, George H. Wagner, James R. Brown, Roberte G.
Darmody, Ted R. Peck, Gary W. Lesoing, Matias B. Vanotti, and Larry G.
Bundy. 1998. Soil organic C in the tallgrass prairie-derived region of the corn
belt: effects of long-term crop management. Soil and Tillage Research 47. 3-4:
219-234.
Johnson, B.B., C. Thompson, A. Giri, and S. Van NewKirk. 2011. Nebraska irrigation
fact sheet. University of Nebraska-Lincoln, Department of Agricultural
Economics.
Kaiser, K., and K. Kalbitz. 2012. Cycling downwards–Dissolved organic matter in soils.
Soil Biol. Biochem. 52:29–32. doi:10.1016/j.soilbio.2012.04.002.
Khalifa, E.M., M. Reda, and M.H. Al-Awajy. 1989. Changes in soil fabric of
Torripsamments under irrigated date palms, Saudi Arabia. Geoderma 44(4): 307–
317.
Khokhlova, O.S., E.A. Arlashina, and I.S. Kovalevskaya. 1997. The effect of irrigation
on the carbonate status of Chernozems of Central Precaucasus (Russia). Soil
Technol. 11(2): 171–184. doi: 10.1016/S0933-3630(96)00134-1.
Konen, M.E., P.M. Jacobs, C.L. Burras, B.J. Talaga, and J.A. Mason. 2002. Equations for
predicting soil organic carbon using loss-on-ignition for North Central U.S. soils.
Soil Sci. Soc. Am. J. 66(6): 1878–1881. doi: 10.2136/sssaj2002.1878.
Lal, R., Kimble, J.M., Follett, R.F., Cole, C.V., 1998. The potential of US cropland to
sequester C and mitigate the greenhouse effect. Ann Arbor Sci. Publ., Chelsea,
MI. 128 pp.

59

Lal, R. 2018. Climate change and the global soil carbon stocks. Soil and Climate. CRC
Press. p. 419–426
Levy, G.J., and J.R. Torrento. 1995. Clay dispersion and macroaggregate stability as
affected by exchangeable potassium and sodium. Soil Sci. 160(5): 352–358.
Lewis, D.T., and K.Z. Al Janabi. 1989. Effect of irrigation on salt and sodium content of
salt affected soils in central Nebraska. Commun. Soil Sci. Plant Anal. 20(11–12):
1219–1229. doi: 10.1080/00103629009368146.
Loeppert, R.H., and D.L. Suarez. 1996. Carbonate and gypsum. Methods Soil Anal. Part
3: 437–474.
Lueking, M.A., and J.S. Schepers. 1985. Changes in soil carbon and nitrogen due to
irrigation development in Nebraska’s sandhill soils. Soil Sci. Soc. Am. J. 49(3):
626–630.
Lynn, W.C. 1958. The effect of irrigation on the chemical properties of some Kearny
County soils. M.S. thesis. Kansas State Univ., Manhattan.
Magaritz, Mordeckai, and Abraham J. Amiel. 1981. Influence of intensive cultivation and
irrigation on soil properties in the Jordan Valley, Israel: Recrystallization of
carbonate minerals. Soil Sci. Soc. Am. J. 45, no. 6: 1201-1205.
Naddih, B.I. 1960. The effect of known quality irrigation water on the chemical
properties of soils of western Kansas. M.S. thesis. Kansas State Univ. Manhattan.
Nelson, D.W., and L.E. Sommers. 2018. Total Carbon, Organic Carbon, and Organic
Matter. In: Sparks, D.L., Page, A.L., Helmke, P.A., Loeppert, R.H., Soltanpour,
P.N., et al., editors, SSSA Book Series. Soil Science Society of America,
American Society of Agronomy, Madison, WI, USA. p. 961–1010.

60

NRCS. 2006. Land Resource Regions and Major Land Resource Areas of the United
States, the Caribbean, and the Pacific Basin. U. S. Dep. Agric. Handbook 296:
682.
NRCS. 2020. National Soil Survey Characterization Data. Lincoln, Neb.: USDA‐NRCS
National Soil Survey Laboratory.
Presley, D.R., M.D. Ransom, G.J. Kluitenberg, and P.R. Finnell. 2004. Effects of thirty
years of irrigation on the genesis and morphology of two semiarid soils in Kansas.
Soil Sci. Soc. Am. J. 68(6): 1916–1926. doi: 10.2136/sssaj2004.1916.
Presley, D.R., Ransom, M.D., Wehmueller, W.A. and Tuttle, W., 2011. Sodium
accumulation in sparsely vegetated areas of native grassland in Kansas: A
potential need for a paranatric diagnostic horizon. Soil Survey Horizons, 52(1),
pp.9-16.
Rasmussen, Paul E., R. R. Allmaras, C. R. Rohde, and N. C. Roager Jr. 1980. Crop
residue influences on soil carbon and nitrogen in a wheat‐fallow system. Soil Sci.
Soc. Am. J. 44. 3: 596-600.
Rengasamy, P. and Olsson, K.A., 1993. Irrigation and sodicity. Soil Research, 31(6),
pp.821-837.
Richards, L.A. 1954. Diagnosis and improvement of saline and alkali soils. Soil Sci.
78(2): 154.
Rose, D.A., Konukcu, F. and Gowing, J.W., 2005. Effect of watertable depth on
evaporation and salt accumulation from saline groundwater. Soil Research. 43(5),
pp.565-573.

61

Schlesinger, W.H. 2012. Inorganic carbon: global carbon cycle. Encyclopedia of
Environmental Management. CRC Press. p. 1448–1450.
Schoeneberger, P.J., D.A. Wysocki, and E.C. Benham. 2012. Field book for describing
and sampling soils, Version 3.0. Natl Soil Surv Ctr, Lincoln, NE.
Shainberg, I. and Letey, J., 1984. Response of soils to sodic and saline
conditions. Hilgardia, 52(2), pp.1-57.
Soil Conservation Service. 1951. Soil Survey Manual. U.S. Department of Agriculture,
Natural Resources Conservation Service.
Soil Conservation Service, 1966. Soil survey laboratory data and descriptions for some
soils of Nebraska. Soil Surv. Invest. Rep. 5.
Soil Survey Staff. 2014. Soil Survey Laboratory Methods Manual. U.S. Department of
Agriculture, Natural Resources Conservation Service.
Trost, B., A. Prochnow, K. Drastig, A. Meyer-Aurich, F. Ellmer, et al. 2013. Irrigation,
soil organic carbon and N2O emissions: a review. Agron Sustain Dev 33 (4):
733–749.
Vågen, T.G. and Winowiecki, L.A., 2013. Mapping of soil organic carbon stocks for
spatially explicit assessments of climate change mitigation
potential. Environmental Research Letters. 8(1) p.015011.
Veenstra, J.J. and Burras, C.L., 2012. Effects of agriculture on the classification of Black
soils in the Midwestern United States. Canadian Journal of Soil Science. 92(3)
pp.403-411.

62

Walkley, A., and I.A. Black. 1934. An examination of the Degtjareff method for
determining soil organic matter, and a proposed modification of the chromic acid
titration method. Soil Sci. 37(1): 29–38.
Ward III, P.A. and Carter, B.J., 2004. Dispersion of saline and non-saline natric mollisols
and alfisols. Soil science. 169(8). pp.554-566.
Wei, X., M. Shao, W. Gale, and L. Li. 2014. Global pattern of soil carbon losses due to
the conversion of forests to agricultural land. Sci. Rep. 4(1): 4062. doi:
10.1038/srep04062.
Williams, MA. 2001. Influence of water on the carbon and nitrogen dynamics of
annually-burned tallgrass prairie. Kansas State University.
Yost, D.A. 1962. Soil Survey of Hall County, Nebraska. USDA-NRCS: 148.
Yost, D.A. 1968. Soil Survey of Scotts Bluff County, Nebraska. USDA-NRCS: 129.

63

Appendix

Figure A.1. Depth plots comparing historical soil data properties to the modern amounts
for Haplustolls (n= 1) sites within MLRA 67.
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Figure A.2. Depth plots comparing historical soil data properties to the modern amounts
for Argiustolls (n= 1) sites within MLRA 71.
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Figure A.3. Depth plots comparing historical soil data properties to the modern amounts
and their associated standard deviation for Endoaquolls (n= 1) sites within MLRA 71.
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Chapter 4: Agricultural impacts on soils of Eastern Nebraska
Abstract
As agricultural production increases to feed a growing population, the stress on
soils is increased and the ability of degraded soils to perform these functions can be
reduced as a consequence of human activities on the land. This study investigated the soil
change under typical non-irrigated agricultural production over 60 years within two
Major Land Resource Areas (MLRAs) of eastern Nebraska. Within these nine sites,
samples were taken near within 1 m of previously sampled described soils (1955) to
quantify the change to soil organic carbon (SOC), soil inorganic carbon (SIC), organic
carbon stocks, pH, exchangeable sodium (ESP), and electrical conductivity (EC). In the
MLRA 106 - Nebraska and Kansas Loess Drift Hills sites, erosion was found to have
resulted in an average of 14 cm of epipedon loss over 60 years of agricultural production.
Here, the SOC was found to have significantly decreased from 10 to 50 cm in depth.
However, the SOC stocks in these sites did not significantly decrease. The MLRA 107 Iowa and Missouri Deep Loess Hill sites were shown to also have had an average erosion
of 15 cm across the sample sites. In these MLRA 107 sites, significant SOC decreases
were noted from 0 to 25 cm in depth and an overall significant SOC stock decrease.
Along with the SOC changes, both of the MLRAs were found to have significantly
decreased in pH for the profiles. These results demonstrate that the soils in eastern
Nebraska have been highly impacted by erosion over 60 years of production agriculture.
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Introduction
Soils serve as a media for food production, provide a sink for organic carbon
(SOC), recycle nutrients, and improve water quality (Amundson, 2001; Berhe et al.,
2007; Lal, 2004; Van Oost et al., 2007). However, the ability of soils to perform these
functions can be degraded as a consequence of human activities on the land. Degraded
soils contain less organic matter (OM), have a lower water holding capacity, and a
reduced ability to store nutrients (Lal, 2004). It has been estimated that 35 + 11% of
cultivated soils have lost A horizon soils; this loss is estimated at 1.4 + 0.5 Pg of carbon
(Thaler et al., 2021).
The human impact on soils and their change over time is a fairly well-known
concept (David et al., 2009; Jenny, 1994; Montgomery, 2015; Thaler et al., 2021;
Veenstra, 2010; Veenstra and Burras, 2015). However, many of these studies have
demonstrated the impact of short-term changes (5 to 25 years) rather than longer time
scales (25+ years). As agricultural production increases to feed a growing population, the
intensity of human impacts on the soil also increases. There is a need for data on longterm soil change, in order to increase awareness among the public regarding land-use
impacts on soil, as well as for scientific applications, such as the creation of dynamic soil
maps that are capable of accounting for soil change in response to management
(McBratney et al., 2003).
Veenstra (2010) sampled sites throughout the state of Iowa where pedon
descriptions had been collected 50 years prior and characterized the type and degree of
soil change on different hillslope positions. This research found that erosion,
sedimentation, acidification, mineral weathering, and degradation of soil structure were
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prevalent throughout Iowa (Veenstra and Burras, 2015). The water table in many sites
had been lowered by artificial drainage causing oxidation of previously reduced soils and
corresponding changes in soil color and OM (Veenstra and Burras, 2012). Measurable
soil loss due to erosion was also identified on summits, shoulders, and backslopes,
resulting in many former Mollisols that now have insufficient A horizon thickness to
meet the mollic epipedon criteria (Veenstra and Burras, 2015). Mollisols were found to
have eroded to Entisols at 60% of the study sites. Kimble et al. (1999) also found a
change in Iowa mollic soils with 27 to 71% of original mollic epipedons thickness being
lost due to erosion.
Changes were also detected in an Illinois study where multiple sites were sampled
and compared to 1955 samples taken at three different times (early 1900’s, 1955, and
2001) (David et al., 2009). It was found that C and N declined between the early 1900’s
sampling and the 1955 samplings. This loss mostly occurred within the upper 50 cm,
while the lower part of the profile experienced an accumulation of C and N. In North
Dakota, some soils were found to have completely lost the A horizons after 50 years of
agricultural production (Montgomery, 2015). Sites that had previously lost their A
horizons from erosion were able to regain them after 25 years of the land being in a
Conservation Reserve Program (CRP) (Montgomery, 2015).
The majority of Eastern Nebraska lands are rainfed, highly erodible lands under
intense agricultural production. This production scheme makes up over 80% of the local
land use. The objective of this study was to assess the impact of agricultural production
on SOC, SIC, organic carbon stocks, pH, exchangeable sodium percentage (ESP), and
electrical conductivity (EC) in eastern Nebraska soils over 60+ years. The study
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examined: (i) how SOC distribution and stocks have changed over time under rain fed
agricultural production, (ii) how organic carbon stocks have changed in this same time
frame, and (iii) how the chemical properties of these soils have changed (pH, ESP, and
EC). The results of this study will better inform farmers, landowners, and scientists on
how these soils have changed over 60+ years.

Materials and Methods
Study sites and sampling
This study includes two Major Land Resource Areas (MLRAs) within eastern
Nebraska. Within each MLRA, one county was selected for sampling. The counties
selected were those that were most intensively sampled in each MLRA during the
creation of the modern soil survey (in the 1950s), providing a comprehensive dataset of
historical data (Soil Conservation Service, 1966). These counties were selected to be
representative of the conditions in each MLRA (Fig. 4.1). The study sites considered in
this analysis were all in the upland part of the landscape. Native vegetation in both
MLRAs is tall- and mid-grass prairies (NRCS, 2006; Sautter, 1976). Using 1955 aerial
photographs of the study sites, we were able to confirm all study sites have been under
row-crop since 1960. During the original sampling, a soil pit was excavated and
described according to the accepted methods of the time (Soil Conservation Service,
1951). In 2020, the sites were located using the GPS coordinates published in the
National Cooperative Soil Survey Soil Characterization Database. Before sampling, each
site was examined to ensure the cores will not be taken within the old pit location. Three
5-cm diameter sample columns were taken within one meter of the converted 1955
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geolocation and within 50 cm of each other, down to the depth of the original pedon
description (100 - 180 cm) with a hand-operated soil probe (Gas Powered Core Sampling
Kit, AMS). The sampled cores were then transported to Lincoln, NE, where they were
described and sampled by morphological horizon (Schoeneberger et al., 2012). Samples
from the three cores were composited by horizon prior to lab analysis. The total number
of composite samples across all sites was 105.

Figure 4.1. Location of study sites within Nebraska. MRLA 106 - Nebraska and Kansas
Loess Drift Hills, MLRA 107- Iowa and Missouri Deep Loess Hills.
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Table 4.1. Study site soil groups and landscape slopes.

MLRA

Great
Group

Number
of Sites

Average
Slope %

Average
Precipitation
(mm)

Geology

106

Argiudolls

4

5

705 – 925

Glacial Till and Loess

107

Hapludolls

5

4

625 - 925

Loess

Soils in the upland of MLRA 106 formed from glacial till and loess parent
materials (Table 4.1). The glacial till soils contain broken stones or boulders and are
found in eroded uplands and side slopes (Sautter, 1976). Loess soils are found on noneroded uplands. Soils sampled in MLRA 106 were Argiudolls (Mayberry, Pawnee, and
Wymore soil series). The sampling sites in MLRA 107 were located in the loess
uplands of the region and were classified in different great groups (Marshall and Monona
series) (NRCS, 2006; Cowsert, 2004). Additional sampling was conducted within both
MLRAs, including alluvial soils in both MLRAs (Wabash series in MLRA 106, Luton
series in MLRA 107). However, for all of these soils, less than three sites contained soils
in the same great group, therefore data was insufficient to perform any statistical analysis.
The data collected from these sites is presented in the Appendix.

Laboratory analysis
The 1955 samples were analyzed for SOC using the Walkley-Black (WB) method
of wet chemical oxidation method (Walkley and Black, 1934). This method has been
largely replaced due to concerns regarding the use of heavy metals and environmental
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impacts of their disposal (Konen et al., 2002; Nelson and Sommers, 1996). As a result,
the same method could not be repeated with the 2020 samples. Instead, total carbon (TC)
was analyzed by dry combustion using a C/N analyzer (CN828, LECO). Inorganic carbon
(IC) was determined by measuring the pressure generated from acid digestion with a
Dwyer 475 manometer and converting pressure to mass of CaCO using a standard curve
3

produced using various amounts of pure CaCO mixed with lab-grade quartz
3

sand (Loeppert and Suarez, 1996; Soil Survey Staff, 2012). Moist soil color was
determined using a digital color matching tool (Munsell CAPSURE, x-rite), which has
been shown to accurately match color values from a Munsell color book (Bloch et al.,
2021).
Both 1955 and modern pH values were measured in a 1:1 solution of deionized
water with 20 g of soil using a benchtop pH meter and combination electrode.
Exchangeable Na was calculated by subtracting the water-soluble sodium determined in
method 4F2c1a4 from the NH4OAc extractable Na determined in method 4B1a1b4 (U.S.
Salinity Laboratory Staff, 1954). Exchangeable sodium percentage (ESP) was calculated
by dividing the exchangeable sodium by the CEC by NH OAc, pH 7.0 (CEC–7) and
4

multiplying by 100 (4F3a1) (Soil Survey Staff., 2014). Electrical conductivity (EC) was
measured with an EC meter using a 1:9 saturated paste extraction from the samples, this
method is unchanged since the original values were taken (8A1a) (Soil Survey Staff,
2014). Bulk density for soils in the 1966 report was determined using the clod method
(4A1a) (Soil Conservation Service, 1951). It was not possible to repeat the clod method
in 2020 because sampling was conducted by cores rather than excavation of a soil pit.
The 2020 sample bulk density was determined by taking the oven dry weight (105oC) for
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at least 12 hours and dividing it by the volume of the extracted core horizon. Although
the bulk density methods differ, they can be expected to yield comparable results. A
study using loess-derived soils in Nebraska found similar bulk densities when comparing
between samples extracted from soil cores versus clods collected from a soil pit (Airori et
al., 2020).

Reference levels
The elevation of the land surface cannot be considered as a constant over time due
to erosion and deposition. The reference level was used to vertically align the 1955 and
2020 soil profiles for comparison and to estimate how much sediment had been removed
or added from the surface between the two measurements. For this study we use
reference levels: (i) depth to textural changes, (ii) depth to stone or pebble lines, (iii) the
maximum depth of mollic colors (Munsell colors with a value and chroma < 3). If more
than one reference level is present, the lowest was selected for the comparison.

Data analysis
Since the 1950s, many methods for determining soil properties have changed. Inorder to test how our modern methods compare to the historical methods, we were able to
obtain sixteen soil samples that were taken during these original samplings. The samples
were then analyzed within our lab and at Ward Labs, INC to test the difference in
methods. All the modern soils methods were found to be similar to historical except for
pH, SIC and SOC. In order to compare the 1955 soils data to the 2020 SOC data, several
regressions were created in Chapter 3 and were used to convert historical soils data to
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modern values. In each MLRA, the properties of soils classified in the same great group
were averaged and treated as replicates for statistical comparison between the 1955 and
2020 sampling. Due to variation in horizon thicknesses between sites, we decided to
utilize Land Degradation Surveillance Framework and to standardized depth increments
of 0-10 cm, 10-20 cm, 20-50 cm, 50-100 cm, and 100+ cm (Vågen and Winowiecki,
2013). Depth weighted averages of each soil property (SOC, pH, ESP, and EC) per site
where then calculated using the “slab” function within the Algorithms for Quantitative
Pedology “AQP” packet in R (Beaudette, Roudier, and O’Geen, 2013; R Core Team
2019). Organic carbon stocks were calculated by multiplying the SOC for each depth
category by its average bulk density and thickness. These horizon organic carbon stocks
were then summed for a value to a common depth of each site. All data values were
found to have a non-normal distribution and because of this distribution a Wilcoxon rank
sum test was used to test for significant differences between historical and modern values
for each depth increment.

Results
MLRA 106
Argiudolls in MRLA 106 with an average of 5% slope were found to have lost an
average of 15 cm of soil over 60 years of agricultural production (Fig. 4.2). The reference
level used was textural change from loamy clay to clay noted in the 1955 description and
also found again in the 2020 samples.
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Figure 4.2. Profile illustrations comparing 1955 soil pedons to the modern
descriptions for Argiudolls within MLRA 106 using Algorithms for Quantitative Pedology
“AQP” packet in R. Modern descriptions are adjusted by using a reference level (red
line). Historical colors were noted using a Munsell color book, the modern colors were
taken with a Munsell CAPSURE.

Argiudolls in MLRA 106 were found to have significantly decreased SOC from
10 to 50 cm (Fig. 4.4A). Soil inorganic carbon was shown to have significantly increased
from 50 to 100 cm over the 60+ years of agriculture (Fig. 4.4B). Despite the changes to
SOC, the organic carbon stocks were not found to have significantly changed (Fig. 4.4C).
Soil chemical data was also found to have significantly changed with a decrease in pH in
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the upper profile soils (0 to 25 cm) (Fig. 4.4D). Exchangeable sodium significantly
decreased for the 100+ cm soils (Fig. 4.4E). Lastly, the electrical conductivity
significantly decreased in the 100+ cm soils (Fig. 4.4F).

Figure 4.4. Depth plots comparing historical soil data properties to the modern amounts
and their associated standard deviation for Argiudolls sites (n= 4) within MLRA 106.
Amounts with * are significantly different from each other at p ≤ 0.05. The comparison
depths are adjusted using a common reference level.
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MLRA 107
Soils in MLRA 107 experienced a similar degree of erosion when compared to
MLRA 106 (Fig. 4.3). These sites averaged slopes between 4 and 6%, this relief opens
these sites to the possibility of a high degree of soil loss over time. These Hapludolls sites
were found to have had considerable changes to soil when using the reference levels (Fig.
4.3). The reference level used was of the lower boundary of the mollic epipedon. These
soils were found to have lost an average of 14 cm of topsoil. These changes indicate
significant erosion has occurred at these sites.

Figure 4.3. Profile illustrations comparing 1955 soil pedons to the modern descriptions
for Hapludolls within MLRA 107 using Algorithms for Quantitative Pedology “AQP”
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packet in R. Modern descriptions are adjusted by using a reference level (red line).
Historical colors were noted using a Munsell color book, the modern colors were taken
with a Munsell CAPSURE.

The Argiudolls sites in MLRA 107 experienced a significant decrease in SOC
from 10 to 25 cm (Fig. 4.5A). These decreases in SOC also lead to a significant decrease
in organic carbon stocks over 60 years of agriculture (Fig. 4.5B). The pH was also found
to have significantly decreased from the surface to 100 cm (Fig. 4.4C).
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Figure 4.5. Depth plots comparing historical soil data properties to the modern amounts
and their associated standard deviation for Hapludolls sites (n= 5) within MLRA 107.
Amounts with * are significantly different from each other at p ≤ 0.05. The comparison
depths are adjusted using a common reference level.

Discussion
Erosion
Significant losses of soil were found in both the Argiudolls within MRLA 106
and the MLRA 107 Hapludolls sites; it was found that these sites had lost 15 and 14 cm,
respectively. These sites averaged slopes between 4 and 6%, this relief opens these sites
to the possibility of a high degree of soil loss over time and can be accelerated with
tillage. The Argiudolls had lost an average of 30% of its mollic epipedon and the
Hapludolls lost 27%; this loss is similar to results found in Iowa. Kimble (et al., 1999)
noted that soils across Iowa had lost an average of 27 to 71% of original mollic epipedon
thickness. However, these changes are larger than those found in another Iowa study,
they found that upland soils had lost between 4 to 9 cm (5 to 10 %) on upland sites
(Veenstra and Burras, 2015).

Soil organic carbon
The results from this study demonstrate that the soils in Nebraska have been
impacted by agricultural production and land-usage. Overall, these impacts started in the
early 1900s and have continued to change into the 21st century. Both the MLRA 106 and
107 sites saw a decrease in SOC over 60+ years. This decrease is most likely due to
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physical mixing of soils over time (tillage), this action exposes SOC to microbes where
the soil moisture conditions favor mineralization and has been shown to increase the
amount of SOC turnover (Gregorich, 1998; Lal, 2004). Other factors impacting these
decreases could be changes in crop rotations that provide fewer organic matter additions,
and the dissolution and translocation of organic matter as found in Iowa soils (Veenstra,
2010). These changes are all similar to other studies findings of other erosion study
impacts on SOC content (Kimble et al., 1999).

Soil inorganic carbon
Only the Argiudolls sites in MLRA 106 had historical SIC data to compare. These
sites were found to have increased SIC from 50 to 100 cm, but without having a historical
value above this depth to compare, we are not able to comment on whether these
increases are derived from a translocation of carbonates.

Organic carbon stocks
Both of the MLRA sites were found to have decreased organic matter stocks for
60+ years. Only the Hapludolls sites in MLRA 107 were shown to be significantly
decreased. The overall loss of organic carbon stocks likely due to the erosion occurring at
these sites, exposing less carbon soils. While the organic carbon stock values of these
upland sites have decreased, research suggests that the erosion most likely led to a
deposition of the SOC rich soils at a lower landscape position (Berhe et al., 2007). These
sites could increase with adaptation of conversation tillage/ management. Conservation
tillage is implementing any tillage method that can reduce runoff and soil erosion when
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compared to other forms of tillage (plow based), these methods have been known to
increase SOC content of the surface layer (Lal and Kimble, 1997).

pH, ESP, and EC
The Argiustolls and Hapludolls both had a significant pH decrease from 1955 to
2020. These findings are similar to those noted in Veenstra’s (2010) work. In Iowa, it was
found that soils had become more acidic from 0 - 125 cm of depth (decrease in 0.2 pH
units). This work theorized the increase in overall synthetic nitrogen (anhydrous
ammonia) usage was most likely the root cause for the acidification. The Argiudolls had
a significant decrease in exchangeable sodium over 60 years. This change is most likely
due to translocation of sodium from increased infiltration.

Conclusion
This study demonstrates that agricultural production continues to change the soils
within Nebraska. Understanding the changes in these soils will help farmers, landowners,
and scientists better manage soils throughout the eastern portion of Nebraska.
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Appendix

Figure A.1. Depth plots comparing historical soil data properties to the modern amounts
for Endaquolls sites (n= 1) within MLRA 106.
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Figure A.2. Depth plots comparing historical soil data properties to the modern amounts
for Endoaquerts sites (n= 2) within MLRA 107.
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Figure A.3. Depth plots comparing historical soil data properties to the modern amounts
and their associated standard deviation for Endoaquolls sites (n= 1) within MLRA 71.
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Chapter 5: General Conclusion

There is a lot to be learned from legacy soils data. Data collected several decades
prior has value in its role as a record of soils that existed in the past. Even data collected
for routine soil testing has potential to serve a broader purpose with proper interpretation.
Each chapter of this dissertation offers insights into the new way to use existing soils
data.
Chapter 2
Chapter two shows that the carbon content of soil organic matter (SOM) varies
with depth and location throughout Nebraska (Fig. 5.1). Thus, different conversion
equations are required in order to determine soil organic carbon (SOC) using SOM data,
which is routinely collected at soil testing labs. Using locally-trained, depth specific
prediction equations, it is possible to achieve an accurate estimate of SOC using the losson-ignition methods for SOM analysis. Low-cost monitoring of SOC may be useful for
soil health monitoring and carbon farming applications.
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Figure 5.1. Conversion factors for OM to SOC at two different depths (0 - 25 cm and 26+
cm) within Nebraska. Red = MRLA 67 - Central High Plains, Yellow = MLRA 71 Central Nebraska Loess Hills, Green = MLRA 106 - Nebraska and Kansas Loess-Drift
Hills and MLRA 107 - Iowa and Nebraska Deep Loess Hills.

Chapter 3
Through comparison of modern soils with data collected 60 year prior, it is
evident that irrigation has transformed the soils of central and western Nebraska (Fig.
5.2). Haplustespts, and Torriorthents soils in MLRA 67 store more organic carbon today
than they did 60 years ago. This is an indication that the increased agricultural
production, achieved through irrigation has added SOC to these sandy, aridic ustic
soils. However, typic ustic soils in MLRA 71 did not experience the same increase in
SOC in response to 60 years of irrigation. The largest changes in these sites were
chemically related. Leaching of soluble salts was evident in the Natrustolls of MLRA 71.
In these sites, the pH, exchangeable sodium percentage (ESP), and electrical conductivity
(EC) were all significantly lowered over 60 years. Soils previously classified at
Natrustolls no longer have a high enough ESP to meet the criteria for a natric epipedon
and are now more accurately classified as Argiustolls. Overall, the changes in MLRA 67
were mostly related to organic matter, while changes in MLRA 71 were primarily
inorganic.
This study suggests that semi-arid soils under irrigation in Nebraska have changed
since the completion of the modern soil survey. Some of these changes may be
considered improvements (e.g., increased SOC in MLRA 67). As soils equilibrate to their
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current, managed state, soils maps may need be updated to better reflect the soil
properties as they exist today.

Figure 5.2. General changes to soils within West and Central Nebraska. Red = MRLA 67
- Central High Plains, Yellow = MLRA 71 - Central Nebraska Loess Hills.

Chapter 4
A different story can be told when comparing modern soils to historical data in
eastern Nebraska (MLRAs 106 and 107). In both of these MLRAs, these comparisons
show evidence of erosion as a primary agent of soil change (Fig. 5.3). Using static
reference points in the subsoils, it is estimated that an average of 14 to 15 cm of erosion
has taken place over the past 60 years. As a consequence of topsoil removal, SOC stocks
are reduced in the upland soils of eastern Nebraska. In addition, significant reductions in
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pH are evidence in these soils and may require more intense monitoring and management
than what was required in the past.

Figure 5.3. General changes to soils within Eastern Nebraska. Green = MLRA 106 Nebraska and Kansas Loess-Drift Hills, Yellow = MLRA 107 - Iowa and Nebraska Deep
Loess Hills.

Overall conclusion
These studies demonstrate that agricultural production continues to change the
soils within Nebraska. The nature of soil change varies in relation to the type of
agriculture (rainfed vs. irrigated) and nature of the soil in a particular location. Under
irrigation, aridic ustic soils show an increase in SOC with irrigation, while typic ustic
soils show little change in SOC. Soils that are initial enriched in soluble salts experience
leaching loss in response to irrigation. In the rainfed east, erosion is the biggest
transformer of soils, with loss of topsoil from the uplands leading to thinner, less carbon93

rich soils. Understanding the changes in these soils will help farmers, landowners, and
scientists better manage soils throughout Nebraska.
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